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DRAG REDUCTION OBTAINED BY ROUNDING VERTICAL CORMERS

ON A BOX-SHAPED GROUND VEHICLE

Edwin J. Saltzman and Robert R. Meyer, Jr.
Flight Research Center

ABSTRACT

A box-shaped ground vehicle was used to simulate the acrodynamic drag of
delivery vans. trucks, and motor homes. A coast-dnwn method was used to define
the drag of this vehicle in a configuration with all square corners and a modified
configuration with the four vertical corners rounded. The tests ranged in velocity
from 30 miles per hour to 65 miles per hour. snd Reynolds numbers ranged from
4.4 X 10% 10 1.0 X 107 based on vehicle length. The maedified configuration showed
a reduction in acredynamic drag of about 40 percent as compared to the square-
cornered confic uration. :

INTRODUCTION

Many trucks, motor homes, and delivery vans are nearty box-like in config-
uration., having little or no rounding of the corners to reduce acrodynamic drag. It
has long been known that proper shaping of vehicles, particularly at the ends.
would decrease the fluid dynamic drag. The earliest boat and barge builders were
aware of this fact long before ground vehicles moved fast enough to develop signif-
jcant aerodynamic drag. It has only been in the last two or three decades that
ground vehicles, especially those designed for high volumetric efficiency . have
traveled fast enough fer acrodynamics to be an important drag factor .

" During the era of inexpensive gasoline rnd diesel fuel, the problem of gerody-
namic drag for trucks was accommodated primarily by resorting to more powerful
cngines. However, recent rising fuel prices and the uncertainty of {uel reserves
for future nceds have caused increased concern about the efficiency of all kinds of
powered vehicles,

For box-like vehicles an obvious way to reduce the drag is to round the corners,
though there are certainly other metheds which should be effective. Though this
method is well known and the results have been measured on models, many

s




.
—

manufacturers of such vehicles have not used rounded corners, Whether this is
because of (8) extra fabrication costs, () loss of volumeiric efficiency. or (¢).

uncertsinty about the potential benefits is not known. A listing of investigations
involving the determination of ground vehicle drag. the estimation of drag. and
various means of reducing ground vehicle drag would include references 1 to 8.

Obviously ., there is now much greater concern about fuel consumption. and
perhaps designers will want to consider incorporating some simple volume-drag
trade-offs or add-on devices if the drag reduction is large enough. Thus the
NASA Flight Research Center began construction of a representative vehicle during
the summer of 1973 and started tests on the vehicle in the fall of 1973. This paper
presents drag results from the box-shaped vehicle before and after the four vertical
cornecrs were rounded. A simple coast-down technigue was used to define the drag.

SYMBOLS
A body cross-sectionsl area ¢same for both configurations)
CDn aerodynamic drag coefficient, I)a/qA
D drag
g local acceleration of gravity
q dynamic pressure, a}pv;
r radius of rounded vertical corners
At time increment
v velocity
AV veloeity increment
\ - vehicle weight during each test
w vehicle width
P air density
Subscripts:
a aerodynamnic
c , calibrated
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TEST VEHICLE AND METHOD

The box shape of the test vehicle was obtained by modifying an ordinary com-
mercial cab-over-engine van (fig. 1). Baseline drag deta were obtained with this
carrier vehicle to determine the potential quality of the data which could be obtained
without an exotic data system. These drag data were obtained by converting the

coasting deceleration into tots! drag, i.e., the sum of the aerodynamic and mechan-
ical! drag: :

Be=D D" 1 Z

A more complex approach to the coast-down method can be found in reference 9;
however, the present relatively straightforward npproach is adequate for the pur-

. poses of this report and for the conditions of the tests, in that test conditions were
carefully controlled to maintain constant mechanical dreg, within narrow limits, for
cvery test and each configuration at a given speed. Thus changes in configuration
produced drag changoes which were aerodynamic in origin.

With this approuach in mind, it was decided to »dd an easily predictable incre-
ment of drag to the carrier vehicle and compare th.c measured increment with the
prediction. If this comparison showed good correlation, it was planned to construct
a box -like configuration over the vehicle.

The configuration with the added drag increment (flat plate and supporting
structure) is shown in {igure 3. The measurcd increment and the predicted incre-
ment of "drag" are shown in figure 4. The predicted curve is based on information
from reference 4, chapter 3. ‘These resulls were converted to an increment of
horsepower because, at this stage in the experiment, the decision to continue or
discontinue the study was contingent upon our ability to discriminate to within
2 horsepower. The agreement between the measured and the predicted values of
horsepower required to overcome the added drag was cncouraging. Thus it was
decided to modify the carrier vehicle to a box shape.

The carrier vehicle was fitted with an aluminum subframe as shown in figure 5.
A maximum radius for the vertical corners of 16 inches was anticipated, so this was
~ built into the framework. The subframe was covered with aluminum sheet having

. . . . .
!The van had a manual, three-speed transmission which was set in neutral

during each deceleration run. Thus the mechanical drag consists of (1) tractive
drag of the tires and bearings and the gear resistance back through the drive line

to the transmission (fig. 2) and (2) thrust from the rotational inertia of the wheels
and tires. ’
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a maximum gage of 8.032 inch and a minimum of 06.020 inch at the vertical corners.
Formers at the vertical corners permitted the attachment of the square corners for

. the basic box shape. The finished vehicle (square corners) is <hown in figure 6(a)
w’th the engine cooling vent open. Similar views of the vehicle with rounded
vertical corners and the cooling vent clused are shown in figure 6(b). The door
for this vent was closed for all the deceleration test results presented in this report.

The engine cooling air wuas chuanneleq directly to the radintor when the vent
door was open, i.c.. the channel was scaled where appropriate so that all the air
entering the open door passed through the radiator. Figure 5 shows how this was
done and also shows the sheet metal seal between the bottom member of the subframe
and the front bumper.. The wheel wells and lower-aft subframe were similarty
gealed with sheet metal and taped as necessary to insure that there was no air flow
between the coerrier vchicle and the box.

Plexiglas sheets were used to provide the somewhat limited visibility. Other
non-highway characteristics were the absence of exterior rear view mirrors, head
.and tail lights, windshield wipers, and turn signals. Thus the vehicle was towed,
rather than driven, over the roads of Edwards Air Force Base to the test site.

The dimensicns of the test vehicle in the square-cornered configuration are
shown in figure 7. The corner radius for the configuration with rounded vertical
corners was 16 inches, which'corresponded toa r/w (radius divided by vehicle
width) ratio of 0.2. This radius was chosen s a reasonable conservative upper
limit for a three-dimensional system in the presence of the ground, based on the
data and comnents compiled in reference 4. It is realized, also on the basis of
reference 4, the. the optimum r/w ratio is probably between 0.2 and 0.1 (consid-
ering the conflicting reeds for reduced drag and maximum volume for a give
vehicle length) . :

INSTRUMENTATION AND TEST CONDITIONS

1 ¢ deceleration of the test vehicle was determined in two ways during a test.
In the primarcy method a calibrated speedometer and a bank of six 1/10-second
stopwatches were used. In the backup method an acceierometer of *0.1y range
was combined with a rcecording oscillograph. The end points of six specific velocity
increments were called off the calibrated speedometer. These velocity increments
were cach assigned an interval of time as provided by the bank of watches shown'in
figure 8. All watches were started at the beginning of the first interval. Then, one
by oune, cach watch was stopped as each vceioeity increment ended. :

The accelerometer, of course, provided in a more direct manner a continuous
record of deceleration. One channel of the oscillograph was assigned as an event
marker so that specific velocities could be identified and correlated with the corre-
sponding deccleration values. ’

The tests were made on an auxiliary runway at Edwards Air Force Base, Calif.
The runway had an exceptionally smooth asphalt surface and a constant elevation -




gradicent of only 0.08 percent, thus the gradient effects on deceleration were small
and were eliminated by averaging successive runs in opposite directions. The

tests were performed carly in the day when winds were ¢alm or nearly calm; testing -
was canceled when winds exceeded 2 or 3 knots. Because successive tests made in
opposite directions were averaged, the effects of such low winds are helieved to be
negligible; nevertheless, most tests were made under calin conditions.

In addition to the wind velocity and direction, ambient pressure and tempera-
ture were documented continually during cach day's testing. Data system battery
voltuges were also monitored, and regular, closely spaced tare readings were mad
on the accelerometer-recorder system so that any tendency to drift could be \
accounted for.

The methods and instrumentaticon used and the conditions under which the tests

were made provided drag measurements that were consisient from molhod to mcthod
and day to day,

RESULTS

Drug resuits obtained from tests of the configuration with squarc corners and
the configuration with rounded vertical corners are shown in figure 9. These
data represent an average of 14 tests for the square-cornered configuration und
20 tests for the rounded configuration. The data shown were obtained from stop-
watch-speedometer readings, and thus define the total drag of the two configurations
in an sbsolute sensc. Reynolds numbers based on the vehicle length ranged from
4.4%x10% to 1.0 % 107 for the velocity range of these data. The symbol at V - 0
is the low-limit tractive drag obtained for the vehicle for the test tire pressures
on the surface of the test runway. This tractive drag was obtained with a fish-
type scale of 100 pound range. The vehicle was towed at approximately 2 miles
per hour during this measurement. The dashed curve is an extrapolation of the
measured low-limit tractive drag based on the semiempirical equation from
Hoerner (ref. 4, ch. 12).

At 55 miles per hour, the configuration with the rounded corners has a drag
level similar to that of the square-cornered vehicle at approximately 44 miles per
hour. Conversely, extrapolation of the modified (rounded) vehicle results to
higher speeds shows that at approximately 70 miles per hour the more refined
configuration would have about the same drog as the square-cornered vehicle at
55 miles per hour.

The test van front suspension, though stiffened by auxiliary helper springs,
was flexible enough to allow some depression of the front of the vehicle during
deceleration. Thus the accelercmeter sensed the effect of the lowered {ront of the
vehicle, a component of the acceleration of gravity, in addition to the rate of change
of forward velocity. Thus the 2pparent drag, based on the accelerometer output.
was too large for both of the test configurations. Nevertheless, the difference in
drag between the two configurations, as defined by the accelerometer, is an authen-
tic backup measurement and confirms the results obtained from the primary stop-
watch-speedometer method. The incremental drag differences determined by both



methods are shown in the following table in terms of the reduction in drug as a
percentage of the total drag for the square-cornered configuration:

__ Drag reduction .. ...
D, (square corners)’ pereen
V.. |
c
j Speedometer-
mil p
es/hour stopwatch Acccelerometer
method method
(primary) (backup)
30 22 20
40 25 28
50 29 : a1
60 33 29
L .

The decresse in drag, which is acrodynamic in origin, can also be considered
as a percentage of the acrodynamic component of drag ~f the square-cornered vehi-
cle instead of as a percentage of the total drag (i.e., as a percentage of the meas-
ured total drag minus the mechanical drag). On the :atter basis the drag reduction
provided by the rounded vertical cerners, as defined by tiic speedometer-stopwatch |
method, would be about 40 percent at 60 miles per hour. This reduction in drag was
achieved by sacrificing 1.4 percent in vehicle volume.

Subtracting the extrapolated tractive drag from the total drag and accounting for
the thrust from the rotational inertia of wheels and tires also permits an aerodyneamic
drag coefficient, CD , 1o be calculated for each configuration. Based on an area of

a
35.3 square feet, which is *he body cross-sectional area, the aerodynamic drag
coefficient is 1.13 for the square-cornered configuration and 0.68 for the modified
configuraticn. The value of 1.13 is significantly higher than the drag coefficient .
(0.86) shown in reference 4 for a square-cornered vehicle tested in a wind tunael.
If reference 4 usced the box projected frontal area plus the exposed wheel projected
area as the reference, about one-fourth of the difference could be accounted for. It
is suspected that the higher drag coefficient values calculated for the square-cornered
vehicle of the present study are caused primarily by the unsealed underbody which
would not heve been simulated by the model reported in reference 4.

" he present study was limited to the coast-down method of sensing drag,
which does not define relative gas consumption, or gas mileage, per se for the
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respective configurations. Thus the drag reduction which has been demonstrated
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will not be interpreted quantitatively in terms of potential cavings in fuel. However,
refercnces 3, 1. and other studies do suggest that & qualitative statement can be
made in this regard. On this basis, then, potential fuel sovings<. in percent,

would be between ane third to one-half the magnitude of the percentage decrease in
acerodynamic drag, obviously depending on the puarticular veluele, the routing. the
type of driving, winds, and other factors.,

Tuft photographs were made during tests of the two configurations over a range
of velocities and with the cooling vent open and closed. The pictures provide a
sreaphic explanation of the significant differences in drag. Figures 10(a) and 10(b)
show results that are typical of the entire highway speed range. It is obvious that
the square-cornered configuration (fig. 10(a)) has separated flow just behind the
front corner and reverse flow. of sorts, from somewhere near the middle of the
vehicte side to ahead of the front wheels. Only the aft one-third to one -half of the
side shows the beginnings of attached flow. The configuration with rounded
vertical corners (fig. 10(b)) has attached flow ajong the side throughout the
regions shown by the photograph, back to some portion of the rear rounded corner.
Tuft photographs with the cooling vent open showed the same patterns as with the
vent closed except for the region immediately adjacent to the opening.

All of the drag data presentad were from tests with the cooling vent closed,
Decelerations were made with the vent initially opened and then suddenly closed.
The accelerometer dita do not show a significant difference in drag between the two
conditions., ’

SUMMARY

A box -shaped vehicle was tested to obtain baseline drag data for square-
cornered ground vehicles such s delivery vans, motor homes, and trucks. The
Yhaseline tests for the square-cornered vehicle were followed by a drag evaluation of
the same vehiele with rounded vertical corners on both the front and rear. The
tests covered the velocity range from 30 miles per hour te 65 miles per hour, and
the Reynolds number range was from 4.4 X 10% to 1.0 X 107, based on vchicle
length.

Rounding the vertical corners of the vehicle reduced the total drag approxi-
mately 22 percent at the lower test speeds and approximately 33 percent at the
higher test spceds. On the basis of the.aerodynamic component of drag, the
decrease in drag was about 40 percent at 60 miles per hour,

Flight Revearch Center
“iational Acronautics and Space Administration
Edwards. Calif., March 4, 1974
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Figure 2. Schematic showing sources of tractive drag.
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Figure 3. Carrier vehicle with flat plate and supporting structure.
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Figure 5. Carrier vehicle with aluminum subframe. E-26477
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E-26577

E-26575
(a) Configuration with square corners; cooling vent upen.

Figure 6. Test vehicle.




E-26774

(b) Configuration with rounded vertical corners, front and rear;
cooling vent closed.

Figure 6. Concluded.
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(a) Squsre corners. E-26717

(b) Rourided vertical corners. . E-26303

Figure 10. Tuft patterns for each configuration at a calibrated speed of
: 55 miles per hour with the cooling vent closed.
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